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Spatial inhomogeneity and planar symmetry breaking of the lattice incommensurate
supermodulation in the high-temperature superconductor Bi2Sr2CaCu2O8+ y
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Using scanning micro-x-ray diffraction we report a mixed real and reciprocal space visualization of the
spatial heterogeneity of the lattice incommensurate supermodulation in a single crystal of Bi2Sr2CaCu2O8+y with
Tc = 84 K. The mapping shows an amplitude distribution of the supermodulation with large lattice fluctuations at
a microscale with ∼50% amplitude variation. The angular distribution of the supermodulation amplitude in the
a-b plane shows a lattice chiral symmetry, forming a left-handed oriented striped pattern. The spatial correlation
of the supermodulation is well described by a compressed exponential with an exponent of 1.5 ± 0.3 and a
correlation length of ∼50 μm, showing intrinsic lattice disorder in high-temperature superconductors.
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One of the emerging common features of high-
temperature superconductors (HTSs) is the intrinsic lattice
inhomogeneity,1–4 but it remains practically unknown because
of the lack of methods probing both the k space and the real
space from the nanoscale to the microscale. The intrinsic lattice
inhomogeneity is related to the coexistence of two or more
electronic components showing a nanoscale phase separation
in the normal phase.3,4 In fact, two strongly correlated
electronic components at the Fermi level are expected to
exhibit a phase separation between two electronic phases with
different charge densities.5 The low-density phase is close to
the Wigner localization limit in the normal phase and below
Tc it forms a Bose-like condensate or a bipolaronic condensate
in the presence of an electron-lattice interaction.6,7 The high-
density phase forms a BCS condensate below Tc, therefore
the HTS phase appears to be at the BCS-Bose crossover
in a multigap superconductor.6,7 The striped superconductor
showing a nanoscale phase separation of striped domains with
different gaps has been called the “superstripes” i.e. a striped
superconductor scenario, characterized at larger scales by a
complex landscape of striped patches.8

In cuprates there is agreement on the experimental fact that
the itinerant carriers induced by doping are injected in the
oxygen 2p orbitals9 and that at the Fermi level there are two
main electronic components.10

(1) The nodal particles with a higher Fermi velocity
with the wave vector on the Fermi surface arcs around the
(π,π ) direction of the reciprocal k space, i.e., moving nearly
at 45◦ from the Cu-O bond direction: These states have
molecular b1 orbital symmetry composed of atomic oxygen
2px,y hybridized with a pure Cu 3dx2−y2 orbital.

(2) The antinodal particles with lower Fermi velocity with
a Fermi wave vector in the (0,π ),(π,0) directions of the
reciprocal k space: In the normal phase they show a pseudogap
below T ∗. These particles have strong coupling to the B1g
phonon.11 This mode involves the Q2 rhombic distortion of
the CuO4 platelet.12 These particles run in the real space
around the Cu-O bond direction and are made of a molecular
orbital with a1 symmetry composed of an oxygen 2px,y orbital
hybridized with mixed Cu 3d3z2−r2 and 3dx2−y2 atomic orbitals.
Their orbital symmetry has been determined by Cu L2,3

polarized x-ray absorption near-edge spectroscopy (XANES)
and the associated instantaneous pair distribution function of
the Cu-O pairs by a polarized extended x-ray absorption fine
structure (EXAFS), and they have been associated with pseudo
Jahn-Teller polarons.13

The phase separation in cuprates with the formation of
lattice domains with different charge densities has been clearly
observed in the case of mobile dopants, oxygen interstitials in
oxygenated La2CuO4+y both in the underdoped14 and in the
optimum doping15,16 regime. In this case the domain growth
and the density of the mobile oxygen interstitials are expected
to track the hole density in the CuO2 plane.

A second common feature of all HTSs is that their lattice
architecture is a “heterostructure at an atomic limit” where
atomic layers of a superconducting material are intercalated
by block layers.17 In these superlattices the lattice misfit
between the different layers in cuprates,18–22 pnictides,23 and
chalcogenides24,25 plays a key role as the third variable in the
phase diagram of the superconductors.

Most of the studies on electronic inhomogeneity have
been focused on the system Bi2Sr2CaCu2O8+y (Bi2212). In
this system the misfit strain18–22 between the block layers
(Bi2O2-Sr2O2) and the bilayers (CuO2-Ca-CuO2) induces a
lattice corrugation of both the BiO planes26–29 and the CuO2

planes,30,31 appearing as a lattice supermodulation in x-ray
diffraction that forms stripes of distorted and undistorted lattice
Witan electronic structures reconstructed with multibands and
broken Fermi surface arcs.31–34 This lattice supermodulation
has been recently associated with the modulation of the
superconducting gaps,35 revealing the effect of this specific
lattice modulation on the superconducting CuO2 layers.30,31

In this Rapid Communication we have investigated the
spatial mapping of the variation of the amplitude of the
superstructure lattice modulation with the specific wave vector
0.21b∗, 0.5c∗ in Bi2212 (Refs. 26–31) looking for a multiscale
phase separation on the micrometer scale.36,37 The nanoscale
electronic and topological inhomogeneity in Bi2212 has
been widely investigated by scanning tunneling microscopy
and scanning tunneling spectroscopy (STM and STS).35,38–41

The Fermi surface has been measured by techniques such
as angle-resolved photoemission spectroscopy (ARPES).10,42
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FIG. 1. (Color online) (a) X-ray diffraction
pattern in the (k,l) plane of Bi2212 recorded by
a CCD detector showing the 3D-LRO and 2D-
SRO satellites near the (0,0,20) reflection. (b)
and (c) show the profiles of the x-ray reflections
due to the 2D-SRO (open rectangles) and 3D-
LRO (filled circles) satellites along the c∗ and
b∗ directions, where l and k are measured in the
reciprocal lattice units (r.l.u), respectively. (d)
Temperature-dependent resistivity of Bi2212 su-
perconducting crystals used in this work (green
triangles, red circles, and blue squares represent
resistivity in the a, b, and c axes, respectively).
The inset shows the resistivity derivatives around
Tc. The black arrow shows the Tc onset of the
superconducting transition.

The k-space information obtained from these methods is
spatially averaged, and it is generally difficult to quantitatively
reconcile these results with the nanoscale structure. Here,
we have attempted to overcome this limit and used scanning
micro-x-ray diffraction (μXRD). The results provide a mixed
real and reciprocal space visualization of the spatial hetero-
geneity of the lattice incommensurate supermodulation in the
Bi2212 system, showing quenched disorder and translational
and rotational broken symmetry.

The μXRD experiment at the beamline (ID13) of the
ESRF takes advantage of the focusing method of the 12-keV
x-ray synchrotron radiation beam emitted by an 18-mm period
undulator of the ESRF 6.03-GeV storage ring, operated in
multibunch mode with a current of 200 mA. The beamline
uses two monochromators positioned in series; the first is a
liquid N2 cooled Si-111 double crystal or Si-111 (bounce);
the second is a channel cut monochromator employing a
single liquid-nitrogen-cooled Si crystal. The optics of the
microfocus beamline includes compound refractive lenses,
Kirkpatrick Baez (KB) mirrors, and crossed Fresnel zone
plates focusing the beam to a spot of 1 μm in diameter.
The interaction volume with the crystal of the 1-μm beam
is 1 × 1 × 20 μm3. The detector of x-ray diffraction images
is a high resolution CCD camera (Mar CCD) with a point
spread function 0.1 mm, 130-mm entrance window, and a
16-bit readout placed at a distance of ∼90 mm from the
sample. The measurements were made on a well-characterized
Bi2212 single crystal of 100 × 130 μm2 surface and
80 μm thickness, grown by the traveling-solvent-floating-zone
method (TSFZ). The growth velocity was adopted to be

0.5 mm/h, and the growth atmosphere was a mixed gas flow of
O2 (20%) and Ar (80%). A structural analysis was performed
using four-axis x-ray diffraction, and the basic structure of the
samples was found to be orthorhombic symmetry with lattice
parameters of a ≈ 542 pm, b ≈ 547 pm, c = 3070 pm, α and
γ ≈ 90.0◦, β ≈ 92◦, with a large orthorhombic distortion in the
range 0.5%–1.1%, in agreement with other overdoped crystals
grown by the TSFZ technique.43,44 The investigated samples
are overdoped with an oxygen content y determined to be
∼0.26 ± 0.01, corresponding to a hole density of ∼0.21 holes
per Cu site.45 The crystal was mounted on a XY mechanical
translator for scanning parallel to the crystallographic (a,b)
plane. The experimental setup in x-ray reflection mode allows
the xy translation of the sample with 4.97-μm steps in the x
and y directions.

A typical diffraction pattern of synchrotron x-ray reflections
due to satellite peaks near the main crystal reflection (0,0,20)
is shown in Fig. 1(a). There are two distinct sets of incom-
mensurate superstructures. The first is a three-dimensional
long-range order (3D-LRO) modulation, characterized by a
very sharp and resolution-limited peak, and the second is a
two-dimensional (2D) short-range order (SRO) modulation,
characterized by a diffuse profile in the c-axis direction due to
2D domain walls separating the 3D domains of 3D-LRO. For
each Bragg refection the diffraction vector H can be written as
H = ha∗ + kb∗ + 1c∗ + mqs[qs = βb∗ + (1/γ )c∗,γ = 1].

The qs vector, called the superstructure vector, is the
wave vector of the modulation, defined as the linear
combination of the base vectors of the three-dimensional
reciprocal lattice qs = αa∗ + βb∗ + γ c∗. Figures 1(b)
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FIG. 2. (Color online) (a) and (b) The position-dependent intensities of the superstructure 3D-LRO (a) and the superstructure 2D-SRO (b)
superstructure satellite reflections in Bi2212. The crystallographic a axis is along the horizontal direction, and the b axis is along the vertical
direction. The very dark gray (blue color) indicates the weak supermodulation amplitude, and the light gray and dark gray (yellow and red)
show the regions of high XRD superstructure reflections. (c) and (d) (from Refs. 46 and 47): Atomic displacements in the BiO layer projected
into the x-y plane from the density functional theory (DFT) bulk calculation (Refs. 46 and 47) (c) and the experimental data by diffraction
(see, e.g. Ref. 28); dashed lines are mirror planes, and ×’s mark points of stability found for the oxygen interstitials by DFT (d). (e) shows the
topological distribution of lattice stripes in the CuO2 plane of the BI2212 plane probed by Cu K-edge resonant x-ray diffraction (Ref. 30) and by
Cu K-edge EXAFS (Ref. 31). The open squares (filled rhombs) indicate undistorted (distorted) CuO4 plaquettes in the undistorted (distorted)
stripes. The rhombs due to atomic Q2 local lattice distortion of the square CuO4 plaquette could order in the right-handed or the left-handed
direction, breaking the rotational symmetry of the lattice. The figure shows the left-handed orientation of the Q2 rhombic distortions with the
direction of the Cu-O bond elongation of the distorted CuO4 plaquette at 45◦ from the direction of the supermodulation parallel to the vertical
direction.

and 1(c) show the profiles of the x-ray scattering
reflections (h,4 − n × τ,l) for τ = 0.21. The experimental
diffraction coherence lengths are ξ 3D

c = 1/�L = 944 ±
2 nm; ξ 3D

b = 1/�k = 190 ± 2 nm and ξ 2D
c = 1/�L =

146 ± 5 nm; ξ 2D
b = 1/�K = 82 ± 5 nm, where �l, �k are

the full width of half maximum (FWHM) of the diffraction
reflection profiles, respectively, for the 3D-LRO and 2D-SRO,
distinguishing the long-range order from the short-range order.

The x-y position dependence of the integrated satellite
peak intensity [Figs. 2(a) and 2(b)] shows that the co-
existing 2D-SRO and 3D-LRO structural modulations are
quite inhomogeneous on the micrometer scale. The position
dependence of the 3D-LRO and 2D-SRO satellites is shown
in Figs. 2(a) and 2(b), respectively. The color scales from
very dark gray (blue color) for the very weak supermodulation
amplitude, and the light gray and dark gray (yellow and red)
for large supermodulation amplitude. The intensity (satellite
superstructure intensity integrated over square subareas of the
CCD detector) is normalized with respect to the background
intensity (Io) of the tail of the main crystalline reflections.
The ordered patches of 3D-LRO and 2D-SRO are oriented
along one specific direction (left direction), 45◦ with respect
to the vertical direction (the superlattice direction), implying

two different diagonal directions (left and right) in the real
space. This result provides clear evidence of the spontaneous
breaking of the rotational crystal symmetry in the plane.

It was known that the atomic displacements in the BiO
layers26–29 run in the diagonal direction, as confirmed by ab
initio calculations.46,47 Cu K-edge resonant x-ray diffraction
at the Cu K edge have shown that the CuO2 plane is decorated
by stripes of distorted and undistorted lattices in Bi2212
(Ref. 30) and the polarized EXAFS data48,49 have shown
that anomalous Cu-O-Cu bonds (45◦ from the superlattice
direction) appear along only one of the two (left-handed or
right-handed) diagonal directions as shown in Fig. 2(c). The
broken rotational symmetry has also been observed later by
STM experiments.41

The present evidence of left-handed microscale inhomo-
geneity of the lattice supermodulation intensity fluctuations
provides evidence for broken lattice symmetry on a scale that
is three orders of magnitude larger than seen previously. This
result confirms the proposed intrinsic multiscale structural
complexity driven from the nanoscale to the microscale by
elastic fields36,37 in a popular model cuprate system.

In Figs. 3 and 4 we quantify the observed inhomogeneity
of the 3D-LRO and 2D-SRO superstructures by plotting the
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FIG. 3. (Color online) The intensity distribution of the 3D-LRO
reflection intensities (filled triangles) (a) and 2D-SRO (open circles)
(b) for the 120 × 70 μm2 sample surface region.

distribution of intensities and the distance-dependent intensity
correlations. Figure 3 shows that the mean values of the
amplitude of the 3D-LRO and 2D-SRO are different, and
the deviation from the average for both supermodulations is
∼50%–60%. Also, over a small 50-μm area the amplitude
of the micro-XRD reflection fluctuations are of the order of
30%. The large disorder of the amplitude of supermodulation
can be assigned to the spatial inhomogeneity due to space
variable stoichiometry that strongly deviates from the nominal
composition.

The spatial correlation function G(r) calculated following
Ref. 15 is plotted in Fig. 3(c). The results show that the
spatial correlation function can be described by a compressed
exponential G(r) = 〈G(�r)〉 ∝ A exp[−r/λ]β with the same
exponent β = 1.5 ± 0.3 and with a cutoff in the range of 30–80
μm. These spatial correlation lengths between corrugated
domains are much larger than the domain size measured by
the planar diffraction coherence lengths ξ 2D

b = 82 nm and
ξ 3D
b = 190 nm. The compressed exponential relaxation has

been observed for a variety of soft matter systems undergoing
“jamming” transitions such as collective dynamics with β > 1
(Ref. 50) instead of liquidlike fluctuations with β < 1. It
should be recalled that an exponent of 1.5 has been reported
for a nematic liquid crystal on a surface51 and for granular
matter.52

We have shown that the mixed k-space and real-space
visualizations of the Bi2212 lattice shed light on the multiscale
complexity in the HTS. These results contribute to the debate
on rotational symmetry breaking observed by experimental
methods by measuring the response of the average structure

FIG. 4. (Color online) The spatial correlation function G(r) of the
x-ray diffraction intensities of the 3D-LRO superstructure reflections
(filled triangles) and of the x-ray 2D-SRO reflections (open circles)
recorded by micro-XRD mapping at the spots on the surface of the
sample. The solid lines show the fitting with the curves G(r) =
〈G(�r)〉 ∝ A exp[−r/λ]1.5 with correlation lengths λ = 47 and 78 μm
for the 3D-LRO and the 2D-SRO, respectively.

over micrometer-sized probed domains.53–58 The large space
variability in the amplitude of the lattice supermodulation
underlines the high level of lattice disorder, implying a disorder
in the electronic structure. In particular, small partial gaps due
to the band folding determined by the striped lattice structure
(superstripes)8 could be masked by spatial fluctuations of the
lattice corrugation that break the translational symmetry. In
fact, a variation of 40% in the amplitude of the structural
one-dimensional modulation should make a fuzzy landscape
of partial gaps and complex multiple Fermi surfaces. The left-
handed distribution of the superstructure fluctuation amplitude
gives a chiral symmetry at the micrometer scale that is
correlated with the breaking of the rotational symmetry of
the rhombic Q2 distortions of the CuO4 platelets already
observed by EXAFS and resonant diffraction.6–11,38 The misfit
strain between the superconductor and the spacer layers18–21

is proposed to be the external field that breaks the symmetry
between the right-handed and the left-handed orientation of
the Q2 distortions.12,13 The present data support the multiscale
breaking of rotational symmetry at the microscale as well as at
the previously observed atomic scale. Moreover, these results
introduce an alternate scenario of percolating microscopic
superconducting domains in a preferential direction in a typical
high-temperature superconductor. The scenario emerging from
this experiment reminds the case of liquid-liquid phase
separation,59 like in smectic liquids or supercooled water,
driven in cuprates by the pseudo Jahn Teller polarons (of Q2
type as shown in Fig. 23) that manifests itself at a microm-
eter scale with a broken rotational symmetry of the lattice
texture.

The authors are grateful to Ginestra Bianconi for discus-
sions and suggestions, and data analysis by using methods of
statistical physics. We thank Manfred Burghammer and the
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